Abstract: Species composition of planktonic Crustacea in 102 lakes in the West and High Tatra Mountains, studied during the peak of anthropogenic acidification (1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996), is presented in this work. Zooplankton of the Tatra lakes have been studied since the middle of the 19 th century, which later enabled the recognition of lake acidification and the assessment of its effect on the plankton community of lake ecosystems. In the pre-acidification period, the distribution of zooplankton was determined namely by the lake altitude and orientation (north vs. south) and by the catchment character. Crustacean zooplankton in larger lakes consisted of a limited number of species, with Acanthodiaptomus denticornis and Daphnia longispina dominating lakes in the forest zone, and Arctodiaptomus alpinus, Cyclops abyssorum, Daphnia longispina, Daphnia pulicaria, and Holopedium gibberum dominating lakes in the alpine zone. Ceriodaphnia quadrangula, Daphnia obtusa, Daphnia pulex, and Mixodiaptomus tatricus occurred in lakes with high concentrations of dissolved organic matter and in strongly acidified waters. Anthropogenic acidification has caused drastic changes in both the chemistry and biology of the Tatra lakes. Based on their status during the acidification peak, lakes were divided into three categories: non-acidified (with no change in the species composition of crustacean zooplankton due to the acidification), acidified (planktonic Crustacea disappeared in lakes with meadow-rocky catchments), and strongly acidified lakes where original Crustacea in meadow-rocky catchment lakes disappeared and were replaced by populations of the acid-tolerant littoral speciesAcanthocyclops vernalis, Chydorus sphaericus, and Eucyclops serrulatus. The acidification-induced processes of oligotrophication and toxicity of aluminium played a key role in the extinction of species. Despite the first signs of biological recovery observed in the early 2000s, acidification remains the most important factor governing the structure of plankton in the Tatra lakes.
Introduction
Zooplankton of lakes in the Tatra Mountains (Mts) have been closely investigated since the middle of the 19 th century (see Woźniczka, 1965; Hrbáček et al., 1974; Brtek, 1977; Vranovský, 1991 for an extended list of historical studies); the most complete information about zooplankton from the turn of the 19 th century is presented in the works of Minkiewicz (1914 Minkiewicz ( , 1917 . The impact of lake altitude and orientation (location on the northern or southern slope of the range) on the occurrence of particular species is among the most important findings of the early investigations. Later studies focused on the quantitative evaluation of zooplankton (Ertl, 1963; Ertl & Vranovský, 1964; Ertl et al., 1965; Juriš et al., 1965) , on seasonal patterns of zooplankton dynamics and vertical distribution (Woźniczka, 1965) , and on the influence of fish introduction on zooplankton species composition (Gliwicz, 1963) . Hrbáček et al. (1974) summarized the knowledge concerning the occurrence of different zooplankton species within the High Tatra lakes, but without specifying particular sites. The work of Brtek (1977) on Calanoida of Slovakia is very important, as it covers the years just prior to the damage of plankton in lakes of the Slovak part of the High Tatra Mts by acidification.
Despite the sporadic character of the historical research, zooplankton had been the most extensively studied component of the Tatra lake communities be-fore the onset of acidification. This knowledge of the zooplankton, comprising a small number of well-known species, enabled the later recognition of lake acidification, and an assessment of its influence on the biota of lake ecosystems.
Our initial investigations of lakes in the Slovak part of the High Tatra Mts (1978) (1979) (1980) (1981) (1982) (1983) (1984) demonstrated the extinction of Crustacea and low values of pH and alkalinity in many lakes above the forest line , confirming the acidification of surface waters also in Central Europe. The complete elimination of crustacean zooplankton in some alpine lakes was unique, and the overall extent of changes was more drastic than in other acidified regions in the World. Aluminium toxicity and a lack of food resulting from oligotrophication were recognized as factors limiting the zooplankton presence in acidified and strongly acidified lakes .
The aim of this work is to identify factors determining the original and present altitudinal distribution of zooplankton species throughout the Tatra Mts, to specify the role of the acidification-induced processes of oligotrophication and aluminium toxicity in the extinction of Crustacea from plankton of alpine lakes, and to explain differences in the zooplankton response to acidification in different types of lake ecosystems.
Material and methods
Site selection and period of study This study is based on repeated sampling and analyses of zooplankton from more than 150 of the estimated 261 lakes and small standing waters (< 0.01 ha) in the entire Tatra Mts, usually collected in the autumn during the period 1978-1996. These 19 years represent the period of the maximum influence of acidification on the biota of these lake ecosystems.
Lakes occur in the west (the West Tatra Mts) and central (the High Tatra Mts) parts of the Tatra Mts, which belong to the Carpathian system and are situated along the border between Slovakia and Poland (20
• 10 E, 49
• 10 N). There are 22 perennial lakes and 18 small lakes (seasonal or < 0.01 ha) in the West Tatra Mts. The bedrock of this area is heterogeneous, dominated by granite, gneiss, mica schist, and limestone. In the High Tatra Mts, with granite dominating, there are 116 major and 105 small lakes. The majority of lakes are of glacial origin. They are mostly (about 70%) situated in the alpine zone above the forest line of ∼ 1550 m a.s.l., and are relatively small (surface area < 35 ha, maximum depth < 79 m). The lakes were originally fishless except for Morskie Oko and Popradské pleso, and possibly the lakes in the West Tatra Mts; many of them, however, especially those lying in the Polish part of the mountains, were repeatedly stocked with fish during the last several centuries. The list of all lakes with fish is shown in Table 1 .
For a more detailed description of the studied area, including main characteristics of lakes and their catchments, see KOPÁČEK et al. (2000 KOPÁČEK et al. ( , 2006 .
As has been done in previous studies FOTT et al., 1994; VYHNÁLEK et al., 1994; KOPÁČEK et al., 2000 KOPÁČEK et al., , 2004 , we subdivided the Tatra lakes into categories based on the stage of acidification during the peak acidification period (non-acidified, acidified, strongly acidified lakes; Table 2 ), and on the prevailing vegetation types in their catchments. For the purpose of this study, the types of catchments were simplified to three main categories: forest, dwarf pine, and meadow-rocky areas.
The main criterion of a lake selection in this study was the presence of planktonic species of Crustacea in the past and/or during our investigation. This was done to exclude lakes in which the absence of zooplankton may be due to short water residence time.
We included all lakes in which zooplankton were found during our investigation period, even if those lakes had not been studied in the past or had no prior evidence of zooplankton. We excluded all non-acidified lakes (pH > 6.2) in which we could not confirm the existence of zooplankton reported by previous studies. On the other hand, we included newly sampled acidified (pH 5.2-6.2) and strongly acidified (pH < 5.2) lakes, because in these sites, the absence of zooplankton might not have been related to short water residence time. An estimation of the water residence time is only available for 31 lakes above the forest line (KOPÁČEK et al., 2004; KŘEČEK et al., 2006) , while missing for most of the studied lakes. These selection criteria provided the final dataset of 102 lakes (Appendix 1) of the total number of more than 150 sampled lakes.
Sampling and analytical methods
Zooplankton, phytoplankton, and water for biological and chemical analyses were sampled once a year during the period from September -October. This season is optimal for S123 Table 2 . Classification of lakes in the Tatra Mts according to pH, alkalinity, and concentration of calcium at the time of peak acidification (1980s-1990s sampling both water chemistry and biota because of low precipitation and the maximum biomass of most species of planktonic crustaceans. Most data were collected during comprehensive mountain lake-district studies in [1978] [1979] [1980] [1981] [1982] [1983] [1984] (in the Slovak part of the High Tatra Mts) and in 1991-1994 (repeated investigations in both the Slovak and Polish parts of the West and High Tatra Mts). Results of zooplankton sampling in other years and seasons were also included. Quantitative data on the phytoplankton and zooplankton biomass were obtained from 19 alpine lakes representing different acidification categories in autumn of 1984 .
Water samples for chemical and phytoplankton analyses were filtered through a polyamide sieve (40 µm pore size) to remove zooplankton, and transported in pre-washed polyethylene or polyethylene terephthalate bottles to the field laboratory, for analyses of pH, Gran alkalinity, concentration of ions, reactive aluminium, and chemical oxygen demand. Details of analytical methods and complete results of the water chemistry are reported by KOPÁČEK et al. (2000 KOPÁČEK et al. ( , 2006 and STUCHLÍK et al. (2006) .
Qualitative samples of zooplankton were taken by 40 µm mesh size plankton nets, using vertical hauls from a boat anchored close to the maximum depth of the lake, or, alternatively, from the shore. For quantitative sampling of crustacean zooplankton except for nauplius stages, 200 µm mesh size plankton nets of the Apstein type were used, and hauled vertically from a boat at the deepest site. The samples for identification were immediately preserved in formaldehyde to a final concentration of about 4%; the samples for determination of biomass were transported alive to a local laboratory for further elaboration (concentration on a sieve and drying at 60
The amount of phytoplankton was evaluated in two ways: (1) as the concentration of chlorophyll-a, determined spectrophotometrically (in 1984) or fluorometrically (in the later studies), after concentration of samples on Whatman GF/C filters and extraction in 90% acetone (STRICKLAND & PARSONS, 1968) , and (2) as an estimation of organic carbon by the determination of the reducing capacity of organic matter with an adapted dichromate method according to MACKERETH et al. (1978) . The zooplankton biomass (without rotifers and most nauplii) was analysed as dry weight and, like in phytoplankton, as an estimation of organic carbon.
Cladocera were identified according to ŠRÁMEK-HU-ŠEK et al. (1962) and AMOROS (1984) , Copepoda after ŠRÁMEK-HUŠEK (1953) , KIEFER (1978) , and BRANDL (in litt.); Cyclopoida were revised according to EINSLE (1996) .
Analysed species of Crustacea
In most samples, we usually identified complete zooplankton (Wierzejski, 1883) including rotifers, but for this study, we used only species inhabiting the open water, with a few exceptions. Acanthocyclops vernalis, Chydorus sphaericus, and Eucyclops serrulatus are known predominantly as littoral species, but they were the only crustaceans present in acidified lakes. Likewise, they can be observed in almost any lake in the Tatra Mts, including lakes with a short water residence time where regular zooplankton can not develop. According to FLÖSSNER (2000) , Chydorus sphaericus is a cladoceran species living mainly in benthos or in macrovegetation which can be occasionally found in high numbers also in the plankton. The predominantly benthic and littoral copepod Acanthocyclops vernalis was recorded by NILSSEN & WAERVÅGEN (2003) in the plankton of strongly acidified lakes in southern Norway. Another typical littoral species which can temporarily inhabit the open water is Polyphemus pediculus. On the other hand, we left out predominantly littoral species such as Acroperus harpae, Alona affinis, and Eurycercus lamellatus, even though these species were frequently found in plankton of several Tatra lakes.
Several investigated species have been the object of recent taxonomic revisions. We present older data as well as our findings about populations of these species under their original names (Table 3 ), despite the current knowledge about the high genetic variability and cryptic diversity in some species of the genus Daphnia (D. longispina, D. obtusa, and D. pulicaria) and their problematic taxonomy. However, we briefly mention the taxonomic status known at this time.
As shown by genetic tools, populations of Daphnia "obtusa" represent two genotypes in the Tatra area, distinct on the species level though phenotypically very similar (KOŘÍNEK et al., 2003; V. KOŘÍNEK, pers. comm.) Similarly, the position of Tatra populations of Daphnia "pulicaria" is taxonomically complicated. The taxon was originally described as Daphnia pulex by WIERZEJSKI (1881), then as Daphnia wierzejskii by LITYŃSKI (1913); the latter name was used also by MINKIEWICZ (1914 MINKIEWICZ ( , 1917 . HRBÁČEK (1959) affiliated it with Daphnia pulicaria Forbes, 1893. However, genetic analyses have already shown that European populations denoted as "pulicaria" are not identical with the species Daphnia pulicaria described from North America (COLBOURNE et al., 1998; ČERNÝ & HEBERT, 1999; HOBAEK & WEIDER, 1999) . Additionally, lowland European populations and Tatra populations of Daphnia "pulicaria" represent genetically distinct entities, the taxonomic status of which has not been clarified (ČERNÝ, 1995; V. KOŘÍNEK & S. MARKOVÁ, pers. comm.) .
All Tatra populations of Cyclops abyssorum were originally determined as Cyclops abyssorum tatricus (KOŹMIŃ-SKI, 1927) in our study. EINSLE (1996) describes C. a. tatricus as a group of populations (a phenotype/ecotype) of the very variable "species" Cyclops abyssorum, typical of high mountain lakes of Central Europe.
KIEFER (1971) re-separated the species Arctodiaptomus alpinus (Imhof, 1885) and Arctodiaptomus bacillifer (Koelbel, 1885) after 80 years of them being considered the same species. Early authors mentioned Arctodiaptomus bacillifer under the old name Diaptomus bacillifer.
Historical data
The species distribution of planktonic Crustacea in Tatra lakes in the pre-acidification period (i.e., before 1978), and changes of lake biota due to acidification, were reconstructed on the basis of the published papers of MINKIEWICZ (1914 MINKIEWICZ ( , 1917 , KUBÍČEK & VLČKOVÁ (1954) , WOŹNICZKA (1965) , HRBÁČEK et al. (1974 ), BRTEK (1977 ), and VRANOVSKÝ et al. (1994 .
A complicating factor in this reconstruction was the inconsistent terminology used for lakes and the existence of lake names in several languages (German, Hungarian, Polish, Slovak, and Czech).
Results and discussion
Original species composition and the effect of acidification Species composition of crustacean zooplankton in the 102 lakes in the period 1978-1996 is shown in Appendix 1. Based on historical data and our investigations, we reconstructed typical assemblages of planktonic Crustacea in the different lake categories defined by the acidification status (Tab. 2), catchment type, and the extent of changes caused by acidification (Fig. 1) .
The basic pattern of distribution of planktonic Crustacea in the Tatra lakes in the pre-acidification pe-S125 riod was relatively simple. Acanthodiaptomus denticornis and Daphnia longispina dominated in forest lakes on southern slopes of the High Tatra Mts while various combinations of the species Arctodiaptomus alpinus, Cyclops abyssorum, and Daphnia "pulicaria" inhabited south-oriented lakes above the forest line. The co-occurrence of species of these two assemblages was not found in the south slope High Tatra lakes. The situation was different in lakes on northern slopes of the High Tatra Mts, where a combination of Arctodiaptomus alpinus, Bosmina longirostris, Cyclops abyssorum, Daphnia longispina, Daphnia "pulicaria", Heterocope saliens, Holopedium gibberum, and Polyphemus pediculus occurred in many lakes. Acanthodiaptomus denticornis was common in just one forest lake here, and Arctodiaptomus alpinus lived in only few lakes compared to the southern slopes. In some forest and alpine lakes of either orientation which were rich in dissolved organic matter, populations of Ceriodaphnia quadrangula and Mixodiaptomus tatricus predominated. Daphnia obtusa occurred in small and shallow, highly productive lakes in the alpine zone, especially on northern slopes.
The lakes of the West Tatra Mts had a different species composition of crustacean zooplankton, based on populations of Bosmina longirostris, Cyclops abyssorum, Daphnia longispina, and Mixodiaptomus tatricus; the species Arctodiaptomus alpinus and Daphnia "pulicaria" have never been found in the West Tatra lakes. Ceriodaphnia quadrangula and Daphnia obtusa lived on similar sites like in the High Tatra Mts.
The species Acanthocyclops vernalis, Chydorus sphaericus, and Eucyclops serrulatus inhabited almost all lakes in the Tatra Mts.
During the 19 years of our investigations, we confirmed the existence of all species mentioned by earlier authors in the Tatra lakes, although not in the same localities, and we found one species new for the Tatra Mts -Daphnia pulex (Tiché pleso, Vyšné-and Veľké Tomanovské pleso).
Anthropogenic acidification, stocking of fish, and new results of our study (∼ 50% of sites were not previously investigated) have significantly changed the described situation and interpretations of the structure of planktonic Crustacea in Tatra lakes.
(1) Non-acidified lakes are among (with few exceptions, for example Malé Hincovo pleso) the largest and deepest lakes in the Tatra Mts. They are distributed along the whole altitudinal gradient.
Štrbské pleso is the only true non-acidified forest lake in the Tatra Mts, but the dominant planktonic crustaceans, Acanthodiaptomus denticornis and Daphnia longispina, inhabited even acid dystrophic lakes in the forest zone situated on southern slopes. Another original species in Štrbské pleso, Ceriodaphnia quadrangula, indicates a high content of dissolved organic matter, while the recent observation of Bosmina longirostris and two other species alien to the Tatra lakes, Ceriodaphnia pulchella and Cyclops vicinus, can be explained by historical eutrophication with waste waters from hotels and by fish stocking of this originally fishless seepage lake. Zooplankton of two other non-acidified lakes situated in the forest zone (Popradské pleso, Morskie Oko) were formed by the species Bosmina longirostris, Cyclops abyssorum, Daphnia longispina, Daphnia "pulicaria", and Holopedium gibberum. The regular occurrence of Cyclops abyssorum and the historical presence of Daphnia "pulicaria" in these lakes with natural brown trout populations (Vranovský, 1991 and Minkiewicz, 1914, respectively) can be explained by the fact that most of their catchments lie above the forest line and their chemistry is similar to that of alpine lakes (Kopáček et al., 2005) .
In non-acidified lakes with dwarf pine catchments, the species Arctodiaptomus alpinus, Cyclops abyssorum, Daphnia longispina, Heterocope saliens, and Holopedium gibberum occurred (the last two species exclusively on northern slopes) (e.g., Roháčske plesá, Nižné Jamnícke pleso, Račkove plesá, Vyšné Furkotské pleso, Čierne Kežmarské pleso, Zielony-and Czarny Staw Gąsienicowy). In one lake only (Vyšné Furkotské pleso), the glacial relict Branchinecta paludosa was found. In a few lakes in the upper part of the dwarf pine zone (i.e., Nižné Temnosmrečinské pleso, Nižné Žabie bielovodské pleso), Daphnia longispina was found together with the larger-sized species Daphnia "pulicaria", which, however, was observed mostly in lakes above the forest line.
In non-acidified lakes with meadow-rocky catchments, zooplankton consisted of the species Arctodiaptomus alpinus, Cyclops abyssorum, Daphnia "pulicaria", Daphnia longispina, and Holopedium gibberum (the last two species occurred exclusively in lakes on northern slopes) (Veľké Bystré pleso, Nižné Terianske pleso, Zelené krivánske pleso, Veľké-and Malé Hincovo pleso, Dračie pleso, Pusté pleso, Ľadové pleso in the Veľká Studená dolina valley, Zbojnícke plesá, Žabie javorové pleso, Malé Žabie javorové pleso, Zelené javorové pleso, Litvorové pleso, Zmrzlé pleso, Vyšné Žabie bielovodské pleso, Czarny Staw pod Rysami, Przedni-, Wielki-and Czarny Staw Polski).
In the category of non-acidified lakes, species composition of crustacean zooplankton was not affected by acidification, due to a sufficient buffering capacity of the water. Several lakes were eutrophicated by waste waters from mountain chalets and hotels (Štrbské pleso, Popradské pleso, Przedni Staw Polski). However, zooplankton were most influenced by the introduction of fish in some lakes (Table 1) , leading to the extinction of larger species of Crustacea (Acanthodiaptomus denticornis, Daphnia longispina, Daphnia "pulicaria", and Holopedium gibberum). A survival mechanism of Cyclops abyssorum was described by Gliwicz (1963) and Gliwicz & Rowan (1984) -the ability of eggs to pass intact through the digestive system of fish. On the other hand, the co-existence of large-bodied species such as Daphnia "pulicaria" with the fish was histori-S126 Z. Hořická et al. cally recorded in both forest lakes with a natural brown trout population (Morskie Oko and Popradské pleso), and recently also in alpine lakes Wielki Staw Polski and Veľké Hincovo pleso, stocked with brook trout and brown trout, respectively. This is most likely due to the preference of these fish to hunt near the surface, while Daphnia "pulicaria" can occupy a feeding refuge just above the sediment in the deepest parts of lakes .
The extinct species were replaced by smallerbodied zooplankton such as Bosmina longirostris, observed already by Minkiewicz (1914) in the two lowaltitude lakes with a natural brown trout population (Popradské pleso, Morskie Oko) and in one alpine lake (Czarny Staw pod Rysami), or by an immigrant from lower-situated reservoirs, Cyclops vicinus (Štrb-ské pleso, Morskie Oko).
In this study, we excluded several non-acidified alpine lakes (e.g., Ľadové pleso in the Zlomisková dolina valley, Dlhé pleso in the Veľká Studená dolina valley, České pleso) where we were not able to confirm Minkiewicz's (1914 Minkiewicz's ( , 1917 zooplankton findings, namely Cyclops abyssorum, and where the only species of Crustacea present in plankton were Acanthocyclops vernalis, Chydorus sphaericus, and Eucyclops serrulatus. We hypothesize that the recent situation may be the consequence of shortened water residence times, resulting for instance from an accidental reduction in lake volume by a talus cone or land slide. Our other explanation is based on the hypothesis that oligotrophication led to decreased productivity even in non-acidified lakes, which, in combination with a short water residence time, could have reduced the amount of phytoplankton to levels not sufficient to support zooplankton (for details see below).
(2) Acidified lakes occur within all types of catchments but mostly above the forest line; many of them belong to the highest-situated lakes in the Tatra Mts.
Acidified forest lakes contain high amounts of organic material, and crustacean zooplankton consisted of various combinations of the species Acanthodiaptomus denticornis, Ceriodaphnia quadrangula, Daphnia longispina, Heterocope saliens, and Holopedium gibberum (e.g., Wyżni-and Niżni Toporowy Staw).
In dwarf pine catchments, acidified lakes were represented by small shallow lakes situated just above the forest line, often wallows of red deer and boar (Nižné Furkotské pleso). They had Daphnia longispina and Mixodiaptomus tatricus in the zooplankton. Small lakes lying in the lower part of the dwarf pine zone were inhabited by Daphnia pulex and Mixodiaptomus tatricus (Tiché pleso, Vyšné Tomanovské pleso). Another, higher-situated type, are relatively large lakes in rocks overgrown with dwarf pine, that partially dry up in the winter (Wschodni-,Średni-and Zachodni Dwoisty Staw in the Dolina Gąsienicowa valley). During our study, zooplankton of these lakes were composed of low numbers of Cyclops abyssorum, Daphnia longispina, Holopedium gibberum, and Polyphemus pediculus, while the originally present species Arctodiaptomus alpinus, Branchinecta paludosa, and Daphnia "pulicaria" were missing. The glacial relict Branchinecta paludosa has not been recorded in these lakes since 1969; its absence has not been satisfactorily explained (Kownacki et al., 2002) . Our data do not exclude oligotrophication induced by acidification as a possible reason (Appendix 1).
Most acidified lakes are situated in the alpine zone. They are often medium-size lakes with depths greater than 10 m, situated in the highest parts of valleys and therefore having rocky catchments. Their zooplankton consisted of Arctodiaptomus alpinus, Cyclops abyssorum, and Daphnia "pulicaria". Often, only one of these species occurred in a particular lake (Vyšné-and Nižné Wahlenbergovo pleso, Okrúhle pleso, Capie pleso, Veľké Žabie pleso, Batizovské pleso, Sivé plesá, Veľké-, Prostredné-and Nižné spišské pleso, Zadni Staw Polski, Zmarzly-, Zadni-and D lugi Staw Gąsienicowy). All crustacean species disappeared due to acidificationinduced oligotrophication (in the Slovak part of the High Tatra Mts around 1976), and only a few individuals of Chydorus sphaericus could be found in the upper part of the water column before 2000, when we first observed a re-appearance of the extinct species in some of these lakes. Only one lake of this category lies in the West Tatra Mts (Vyšné Jamnícke pleso). Zooplankton that lived there before acidification -Cyclops abyssorum, Daphnia longispina, and Mixodiaptomus tatricusthen disappeared, but in addition to Chydorus sphaericus, Acroperus harpae and Alona affinis survived in the acidified lake (Vranovský et al., 1994) .
In acidified alpine lakes, acidification led to the extinction of all planktonic Crustacea, except for the sporadic occurrence of individuals of Chydorus sphaericus accidentally intruding into the open water from the littoral zone. The only exception was Okrúhle pleso, where original crustacean zooplankton stayed unchanged. Acidification-induced oligotrophication (see later) was recognized to be a crucial mechanism in the disappearance of the species. In some lakes, however, the effect of oligotrophication on phytoplankton and zooplankton was offset by an increased supply of nutrients (in small lakes -watering places and wallows of red deer and chamois: Nižné Furkotské pleso, Tiché pleso), or by the input of cryoseston from snowfields in the catchment that serve as a source of food for filtering zooplankton (Okrúhle pleso . In addition, the impact of oligotrophication was decreased in lakes with a significant amount of dwarf pine and meadows in their catchments (Dwoisty Staw and Vyšné Jamnícke pleso).
(3) Strongly acidified lakes are comprised of predominantly small and shallow lakes, distributed equally along the whole altitudinal gradient.
Forest lakes have a strong dystrophic character with brown water, resulting from a high content of disAcidification and the structure of zooplankton in Tatra lakes S127 solved organic matter, and with Sphagnum spp. along the shoreline. They had Acanthodiaptomus denticornis, Daphnia longispina, Heterocope saliens (H. saliens in lakes on northern slopes of the Tatra Mts only), and larvae of Chaoborus sp. (Jamské pleso, Rakytovské plesá) in their zooplankton.
Strongly acidified lakes with dwarf pine catchments are small (< 10 m in diameter, depth < 1 m). Zooplankton consisted of the following species, singly or in combination: Ceriodaphnia quadrangula, Daphnia obtusa, and Mixodiaptomus tatricus; in some lakes, there were also larvae of Chaoborus (e.g., Čierne Bobrovecké pleso, Slavkovské pleso, Maličké Čierne pliesko, Wyżni-and Pośredni Troiśniak, Jedyniak, Samotniak, also typical dystrophic lakes Malé Čierne pleso and Trojrohé pleso). While acid-tolerant Daphnia obtusa was present even during the peak of acidification, Mixodiaptomus tatricus became extinct.
Strongly acidified meadow-rocky sites range from shallow lakelets of the size of several square meters to lakes bigger than 0.5 ha, with depth up to 4 m. In smaller lakes, crustacean zooplankton consisted of Daphnia obtusa; in larger lakes, of Ceriodaphnia quadrangula and Mixodiaptomus tatricus, or only Cyclops abyssorum (Vyšné Terianske pleso, Malé zbojnícke pleso, Vyšné sesterské pleso, Starolesnianske pleso). For some of these lakes, historical data on zooplankton do not exist (Vyšné Satanie pliesko, Malé Batizovské pliesko).
Strongly acidified lakes were significantly affected by acidification, which led to the extinction of original species of planktonic Crustacea in localities situated above the forest line. The original crustaceans were partly replaced by low-density populations of the ubiquitous species Chydorus sphaericus, Acanthocyclops vernalis, and Eucyclops serrulatus.
Exact historical data on lake water pH do not exist for the Tatra Mts. Dynamic modelling (by MAGIC), however, showed that the pH of acid-sensitive lakes was significantly higher in the middle of the 19 th century and was primarily determined by concentrations of calcium and organic acids (Kopáček et al., 2003 (Kopáček et al., , 2004 . Concentration of Ca is generally higher in alpine lakes while concentration of organic acids is higher in forest lakes. The fact that pH was probably always higher in alpine than in naturally more acidic forest lakes agrees with the observation of Hrbáček et al. (1974) . However, the historical zooplankton species composition (the presence of Ceriodaphnia quadrangula) in the strongly acidified lake Starolesnianske pleso at the beginning of the 20 th century (Minkiewicz, 1914 (Minkiewicz, , 1917 ) already reflected an early stage of the lake's acidification; this assumption is supported by the value of MAGIC modelled pH which was calculated as low as ∼ 5.6 during that time .
Even before the beginning of acidification, lakes could be divided into categories differing in their crustacean zooplankton composition (Fig. 1) , in agreement with the later acidification categories reflecting pH, alkalinity, and calcium (Tab. 2). Concentrations of calcium are determined by catchment-lake morphology, with the lowest concentrations in the smallest lakes . Altitude influences temperature conditions (Šporka et al., 2006) and the length of the vegetation season of a lake (Catalan et al., 2002) ; consequently, it also determines the concentration of dissolved organic carbon and nutrients (forms of phosphorus and nitrogen), and thus the productivity of the lake (Kopáček et al., 2000 .
Acidification-induced processes and their influence on zooplankton
At the beginning of our investigations of lakes in the Slovak part of the High Tatra Mts in 1978, we noticed very high values of Secchi depth and the absence of zooplankton in many alpine lakes, which were later recognized to be acidified. Subsequent research (1981) (1982) (1983) (1984) confirmed extremely low amounts of chlorophyll-a in these acidified lakes . The 1984 synoptic survey of 19 alpine lakes showed different impacts of the acidification stage on the biomass of phytoplankton and zooplankton (Fig. 2) .
(1) In non-acidified lakes, no effect of anthropogenic acidification on biota was observed. The biomass of phytoplankton and zooplankton reflected the oligotrophic character of mountain lakes, with surface concentrations of chlorophyll-a from 0.1-2.2 µg L −1 , organic carbon in phytoplankton and zooplankton from 157-438 and 4-110 µg L −1 , respectively, dry weight of zooplankton from 5.7-148 µg L −1 (with an average value of ∼ 70 µg L −1 ). The Secchi depth varied from 2 to 10 m.
(2) In acidified lakes, in contrast, zooplankton completely disappeared (exceptionally, Chydorus sphaericus occurred in plankton in very low numbers) and the biomass of phytoplankton was extremely low
of organic carbon). The Secchi depths were high (> 10 m), often exceeding the maximum depth of the lake. (3) In strongly acidified lakes, original zooplankton also disappeared except for the acid-tolerant littoral species Chydorus sphaericus that became dominant in these lakes and expanded its habitat to the open water in low numbers. Besides this species, Acanthocyclops vernalis and Eucyclops serrulatus were present in plankton, but their portion in the very low total biomass of zooplankton (organic carbon 4.8 µg L −1 , dry weight 6.6 µg L −1 ) was negligible. The biomass of phytoplankton was high (chlorophyll-a reached 2-20 µg L −1 in the surface layer, organic carbon 410 to 1445 µg L −1 ) and the Secchi depth did not exceed 2 m.
These results confirmed that acidification significantly influenced not only the species composition, but also the quantity of phytoplankton and zooplankton in the Tatra lakes, as stated in previous studies Fott et al., 1987 Fott et al., , 1992 Fott et al., , 1994 ). A negligible amount of phytoplankton in the pH range 5-6 and high concentrations in lakes with pH < 5 have been described from other regions of the World affected by acidification as general phenomena accompanying acidification (e.g., Almer et al., 1974; Dickson, 1980) .
Oligotrophication
In the Tatra Mts, zooplankton completely disappeared from acidified alpine lakes with pH values between 5.2-6.2. We have shown that zooplankton were not influenced by the drop in lake water pH itself, but by a low amount of food through the process of oligotrophication .
The U-shaped relation between the biomass of phytoplankton and water pH observed in the alpine High Tatra lakes (Fig. 2) , with minimum values of chlorophyll-a and biomass of phytoplankton in the pH 5.2-6.2 range and highest phytoplankton values in lakes with pH < 5.2, is similar to that described by Almer et al. in 1974 (Almer's U-curve) for lakes in southern Sweden (where the lowest biomass of phytoplankton was found in lakes with pH 5.1-5.6). A similar relationship was observed by Dickson (1980) for lake water pH and phosphorus concentrations in the presence of aluminium, which confirmed the enhanced ability of aluminium to precipitate reactive phosphorus in the pH range from 4.6-6.5. This is a key mechanism in the process of oligotrophication of acidified lakes, which was first suggested by Grahn et al. (1974) as a probable reason for very low amounts of phytoplankton, and thus high transparency, in acidified lakes. Almer et al. (1974) further hypothesized that the increased transparency typical for acidified lakes was caused rather by precipitation of humic acids in the presence of iron and aluminium than by a low concentration of phytoplankton. The study by Dickson (1980) showed that under lower aluminium concentrations and a higher content of organic matter, such precipitation does not occur. This explains why the olig-S129 otrophication process is much less common in forest compared with alpine lakes (Pšenáková, 1997) . High loads of phosphorus from catchments, found in forest and dwarf pine lakes of the Tatra Mts by Kopáček et al. (2000) , however, significantly mitigate the effect of oligotrophication in these lakes. Kopáček et al. (2000) showed that the relationships of pH to concentration of chlorophyll-a, total phosphorus, total organic nitrogen, and chemical oxygen demand exhibited shapes similar to the Almer's U-curve, which suggests that concentrations of these compounds result from the same governing mechanisms. A possible mechanism of oligotrophication of the Tatra lakes is based on (1) the input of high amounts of aluminium to lakes by acid inflows, and on (2) the pH gradient between inflow and the lake water (Kopáček et al., 2001; E. Stuchlík, unpublished data) . This phenomenon can explain a decrease in the productivity even in non-acidified lakes, and thus the disappearance of zooplankton in lakes with critical values of water residence time.
Therefore, while in non-acidified alpine lakes in the Tatra Mts, the amount of phytoplankton and zooplankton was associated with their naturally low trophy, the extinction of Crustacea from plankton of acidified lakes (pH 5.2-6.2) occurred most probably due to starvation caused by low biomass of phytoplankton, as a consequence of acidification-induced oligotrophication. The first signs of a recovery from acidification (increased concentrations of chlorophyll-a and a re-appearance of extinct species of planktonic crustaceans) which have been observed in some acidified lakes (e.g., Zadni Staw Polski, Dwoisty Staw in the Dolina Gąsienicowa valley) already during our earlier studies (before 1996) , confirm the validity of our previous conclusions.
Eutrophication and toxicity of aluminium
In the category of strongly acidified alpine lakes (pH < 5.2) with a high biomass of phytoplankton but almost no crustacean zooplankton, we considered the effect of acidification-induced eutrophication in combination with aluminium toxicity.
In the period of peak acidification, concentrations of total phosphorus in these lakes were high, and combined with the absence of filtrators resulted in high phytoplankton biomass. Later studies Fott et al., 1999) documented phytoplankton biomass values even two orders of magnitude higher than those in non-acidified lakes, so the presence of Crustacea in strongly acidified lakes could not be limited by the amount of food.
The terrestrial export of aluminium to surface waters increased due to soil acidification. In strongly acidified lakes, the concentration of reactive aluminium reached values of hundreds of µg L −1 (Appendix 1), with a high proportion of the toxic labile aluminium . The direct toxicity of aluminium is the most probable reason for the extinction of original species of crustaceans from plankton and their replacement by acid-tolerant species such as Acanthocyclops vernalis, Chydorus sphaericus, and Eucyclops serrulatus.
Despite the fact that an increase in phosphorus concentration in water with pH < 5.2 was successfully induced in mesocosmos experiments and under controlled laboratory conditions (Pšenáková, 1997) , the mechanism of acidification-induced eutrophication of lakes has not yet been satisfactorily explained. In addition, strongly acidified lakes in the Tatra Mts are mostly small and shallow, loaded by organic matter and phosphorus from catchments (Kopáček et al., 2000) , where the effect of acidification-induced eutrophication is difficult to distinguish from their high trophy level. 
